Results of a numerical simulation analysis of recent experimental data obtained in a comprehensive study of electrochemical CO oxidation on well-defined Ni/YSZ patterned model anodes [Utz et al. J. Power Sources, doi:10.1016/j.powsour. 20.10.056 (2010] are presented. A computational model representing the coupled behavior of heterogeneous chemistry and electrochemistry in terms of elementary reactions was developed, which allows for a quantitative description of the complete experimental data set, which covers a wide range of CO/CO 2 gas compositions (4.0·10 2 Pa ≤ pCO ≤ 5.1·10
Introduction
Due to the geometrical complexity of nickel and yttria-stabilized zirconia (Ni/YSZ) composites, which are commonly used as anodes in solid oxide fuel cells (SOFCs), the quantitative numerical simulation of the chemically reacting flow problem in such systems represents a formidable task. In particular, the strong nonlinear interaction of porous media gas transport with both electrochemical charge transfer reactions and thermal heterogeneous chemistry has to be incorporated (1) . As a consequence, the elucidation of the electrochemical charge transfer reaction mechanism along with a quantitative determination of the rate coefficients of the involved elementary reaction steps requires a numerical modeling approach in combination with electrochemical characterization measurements performed for geometrically well-defined model anode structures. This approach has recently been successfully applied to derive detailed elementary reaction mechanisms comprising both charge transfer and thermal heterogeneous elementary reactions underlying the electrochemical oxidation of H 2 (2) (3) (4) (5) and CO (6) .
In a recent study, we have investigated CO oxidation using surface science techniques such as temperature-programmed desorption and temperature-programmed reaction along with numerical simulations. A thermodynamically consistent kinetics data set for CO adsorption/desorption and heterogeneous CO oxidation on both Ni and YSZ surfaces was derived. Based on these data, an elementary kinetic reaction mechanism of the electrochemical CO oxidation at Ni/YSZ anode systems was developed (6), which was validated against experimental electrochemical data (steady-state polarization curves and electrochemical impedance spectra) measured by Lauvstad et al. (7) for a Ni-point/YSZ model anode under different CO/CO 2 atmospheres. However, as the latter electrochemical characterization experiments were performed for only one single operating temperature (T = 1149 K), no information about the temperature dependence of the rate constants of the charge transfer reactions occurring at the three-phase boundary (TPB) of CO/CO 2 gas-phase, Ni electrode, and the YSZ electrolyte could be derived in Ref. (6) .
Only recently were experiments performed by Utz et al. (8) , in which the CO/CO 2 partial pressure dependence of well-defined Ni/YSZ SOFC pattern model anode characteristics was investigated over an extended operating temperature range (973 K ≤ T ≤ 1073 K). In these experiments special care was taken, by carefully choosing appropriate pCO and pCO 2 partial pressure ranges, to avoid both oxidation of the Ni electrode material as well as carbon deposition on the Ni surface due to the Boudouard reaction. In addition, in contrast to previously-reported CO oxidation studies on Ni/YSZ pattern model anodes (9) , which suffered from ill-defined TPB lengths (due to uncontrolled Ni island formation during the course of the experiments), the experiments of Utz et al. (8) were accompanied by thorough pre-and post-test analysis of the Ni pattern structures (10-13), which allowed for a quantitative determination of the actual TPB length as well as the impurity content of the sample. Hence, the results of Utz et al. can be at present regarded as the most detailed experimental investigations of the electrochemical CO oxidation over Ni/YSZ pattern model anodes.
In the present contribution the results of a detailed numerical modeling study of the electrochemical CO oxidation data of Utz et al. (8) is presented. The previously developed elementary reaction mechanism [6] is applied for a mechanistic interpretation of the experimentally observed electrochemical behavior in terms of microscopic heterogeneous reaction pathways on Ni and YSZ and rate-determining charge transfer steps taking place at the TPB. Finally a unified validated reaction mechanism is presented which allows for a quantitative and consistent description of both the previous experimental results of Lauvstad et al. (7) as well as the recent results obtained by Utz et al. (8) .
Theoretical and Experimental Methodology

Modeling and Simulation
The numerical simulations of the CO electrochemical oxidation were performed using the software package DENIS (2, 14) , which is based on (i) a molecular-scale elementary kinetic approach for the thermodynamically consistent description of electrochemistry and heterogeneous surface chemistry, (ii) charge transfer reactions described as surface spillover reactions at the TPB, and (iii) surface diffusion on the Ni electrode and YSZ electrolyte surfaces described in one dimension (1D) perpendicular to the TPB line. This modeling framework has been used in our previous study of CO oxidation at a Ni/YSZ point model anode (6) . The model equations are outlined in detail in Ref. (2) . Electrochemical impedance spectra were simulated using the potential step and current relaxation technique described in Ref. (15) . The impedance is obtained in the frequency domain by applying a Fourier transform to the resulting time-domain traces of current and potential. The LIMEX solver (16) is used for the numerical integration of the reaction-diffusion equation system. In the present study of the electrochemical CO oxidation measurements at a Ni/YSZ pattern anode (8) our previously derived elementary kinetic mechanism, which is given in Ref. (6) along with the respective reaction kinetics and thermodynamic datasets ( Table I and Table II of Ref. (6)), was used as parameter base.
Experiments
The experimental setup and methodology was described in detail elsewhere (8) . In the experiments, Ni/YSZ pattern anodes with an area of 10.25 × 10.25 mm 2 were used which were fabricated on 8.5 mol-% polycrystalline Y 2 O 3 -stabilized ZrO 2 (YSZ) substrates following the procedure described in (17) . The design of the Ni pattern is composed of an area of 9.25 × 9.25 mm 2 with parallel Ni stripes with 25 μm width, a spacing of 160 μm and a thickness of 800 nm. An additional frame with 500 μm width assures contacting of all stripes resulting in an actual triple phase boundary length of l TPB = 1.3 m/cm 2 in the experiments as determined by SEM measurements. The geometric features of Ni/YSZ pattern anode used in the electrochemical characterization studies are summarized in Table I . As counter electrode, a screen-printed Ni/YSZ cermet anode was employed, the preparation of which was described previously (18) . The counter electrode was applied to the substrate prior to Ni anode patterning.
Electrochemical impedance spectra were recorded for different CO/CO 2 /N 2 gas mixtures at open circuit over a frequency range of 100 mHz -1 MHz with a voltage stimulus of 10 mV to derive the line-specific charge transfer resistance, which will be denoted as LSR CT in the following (for further experimental details see (8) and references therein). Values of LSR CT were calculated by multiplication of the charge transfer contribution to the polarization resistance (denoted as R CT ), the actual TPB length (l TPB ) and the electrode area (A), via the following equation:
[1]
In the electrochemical characterization experiments the partial pressures of CO and CO 2 were varied in the range of 4.0·10 2 Pa ≤ pCO ≤ 5.1·10 4 Pa and 9.5·10 2 Pa ≤ pCO 2 ≤ 9.2·10 4 Pa, respectively. The investigated operating temperature range was 973 K ≤ T ≤ 1073 K. The conditions were chosen to avoid Ni oxidation and carbon formation due to the Boudouard reaction. The stability of the Ni patterned anodes used in the experiments was controlled by pre-and post-test SEM analysis as described in detail in (8) . 
Results and Discussion
Elementary Kinetic Reaction Mechanism
The elementary reactions included in the present model in order to resolve the global electrochemical CO oxidation reaction,
are listed in Table II and are schematically depicted in Fig. 1 The thermal heterogeneous reaction mechanism for the Ni surface includes CO and CO 2 adsorption/desorption (R1 and R2) as well as CO oxidation steps via an Eley-Rideal (ER) reaction step (R3) and via a Langmuir-Hinshelwood (LH) reaction step (R4). The reaction mechanism for the YSZ electrolyte surface includes CO adsorption/desorption (R5) and a heterogeneous CO oxidation step, which according to the TPR experiments of Ref. [6] proceeds predominately via an Eley-Rideal (ER) reaction step (R6) where gasphase CO directly reacts with YSZ oxygen surface atoms to yield gas-phase CO 2 . The 1D reaction-diffusion model, which includes diffusion of the CO, CO 2 and O surface species on Ni and YSZ perpendicular to the TPB, was taken from our previous work [6] , along with the respective diffusion coefficients. The YSZ oxygen ion bulk-surface exchange is included via reaction R7. , 35 (1) 1743-1751 (2011) The charge-transfer (CT) mechanism derived in the present study comprises three CT reaction steps (denoted as O1, O2, and O6 in Fig. 1 and Table II) , all of which take place at the TPB line. The CT reaction nomenclature follows that of our previous work on electrochemical CO oxidation at a Ni/YSZ point anode system, where five different (O1-O5) CT reaction steps were tested [6] . As described in detail in Ref. (6) , only the reaction sequence O1 followed by O2 (denoted as O1+O2) resulted in a quantitative agreement with the point electrode experimental data of Lauvstad et al. (7) . In this reaction sequence, the first reaction O1 represents a single electron oxidation step of an The model used in the present study further includes a description of the electrochemical double layer, where the double-layer capacitance (C dl ) is an additional model parameter. In the simulations, the C dl value of the Ni/YSZ interface was 0.25 F m -2 , the temperature dependency of the double-layer capacitance of the Ni/YSZ interface was 8·10 -4 F K -1 m -2 . The pre-exponential factor for bulk ion conductivity of the YSZ electrolyte was 3.6·10 7 S K m -4 and the activation energy was 90 kJ mol -1 (6) .
Influence of CO/CO 2 Gas-Phase Composition
In Fig. 2 the experimentally obtained values for LSR CT (open symbols) are plotted as a function of the CO partial pressure for an operating temperature of 1073 K and a fixed CO 2 partial pressure of 2·10 4 Pa. Obviously the LSR CT shows a pronounced dependence on the CO partial pressure with different slopes at high and low pCO values and a broad minimum of LSR CT at a pCO value of ca. 10 4 Pa. In numerical simulations based on the previously derived consecutive CT reaction mechanism (O1+O2), the experimentally observed minimum in LSR CT could not be reproduced, only the high CO partial pressure region (right to the LSR CT minimum) could be quantitatively described. This finding indicated the necessity for the inclusion of the additional CT reaction (O6). The simulation results for the full mechanism (O1+O2+O6), parameterized as given in Table  II , are shown as solid line in Fig. 2 . The simulations agree quantitatively with the experiments over the complete investigated range of CO partial pressures.
The inclusion of O6 results in a mechanistic picture in which the actual O coverage on the Ni side of the TPB (θ Ni-TPB-O ) represents the key parameter, which induces the change in the experimentally determined LSR CT slope. The value of θ Ni-TPB-O is determined by the competition between oxygen buildup at the Ni TPB region (due to the spillover CT reaction step O2) and the heterogeneous O removal reactions on Ni (via R3 and R4), both of which depend on the CO/CO 2 gas composition. The present simulation study indicates that at sufficiently high CO partial pressures the overall charge transfer is occurs via the O1+O2 reactions while at low CO partial pressures the overall charge transfer occurs via the O1+O6, as the actual rate of the O2 spillover step strongly decreases with increasing θ Ni-TPB-O due to site blocking.
In the framework of the extended CT reaction model, the minimum in the experimental LSR CT values could be quantitatively reproduced in numerical simulations (Fig. 2) employing the kinetics data set given in Table II 
